A boron dipyrromethene (BODIPY) featuring triphenylamine triad, BD, has been synthesized as a cosensitizer in dye-sensitized solar cells (DSCs). The optical and electrochemical properties of BD have been characterized using UV-vis spectroscopy and cyclic voltammetry. DSCs containing co-sensitizers, N719 and BD, have been prepared in two procedures using co-deposition and stepwise deposition. The influences of the staining processes, co-deposition and stepwise deposition on dye loading, dye dispersion on a TiO 2 photoanode and DSC performance have been investigated using FTIR, SEM-EDS, I-V test and IPCE measurement, respectively. We found that stepwise co-sensitization provided higher solar cell efficiency, compared to those stained with a co-deposition method. N719/5% BD showed the highest power conversion efficiency of 5.14%. Interestingly, the enhanced device efficiency was 66% higher than that of a device containing the single N719 dye.
Introduction
Dye-sensitized solar cells (DSCs) are one of the promising photovoltaic technologies due to their cheaper cost, thinner thickness, exibility and easy fabrication as compared to silicon solar cells. [1] [2] [3] Although dye-sensitized solar cells are still in the research phase, integration of DSCs within buildings or portable devices is capturing the community's interest. A typical DSC consists of a transparent electrode, dye-sensitizers adsorbed on TiO 2 semiconductor, electrolyte and a counter electrode. DSC produces electricity by the following steps; (1) dyesensitizers absorb light and generate exited electrons, (2) the excited electrons transfer to the conduction band of TiO 2 and further transport to the anode and (3) the oxidized dyes are regenerated by the iodide redox couple, while the positive charge transported to the cathode. 1, 2, 4 It is known that the dyesensitizer is essential to the performance of DSCs. Broad absorption of sun spectrum with high molar absorptivity and suitable energy levels of the dye-sensitizer are keys to obtain large amount of photon ux and efficient electron transporting to the TiO 2 layer which inuences on the overall efficiency of solar cells. 1, 5, 6 Thus, many efforts have been focused on the development of dye-sensitizers. The dye-sensitizers can be classied in two groups, the metal complex sensitizer and metal-free organic sensitizer. The rst group consists of metal ions including Ru, Ni and Co complex with bipyridine or terpyridine ligands and adsorbing group. 1 The most famous classical dyes are N3, N719 and N749. 4, 5 Such dyes provided remarkable efficiency above 10% due to their wide absorption range that provide high J sc value. However, absorption of metal complex sensitizers is not optimal because they inherently have moderate molar extinction coefficient at the long wavelength region which limit amount of photon harvesting. 5, 7, 8 On the other hand, metal-free organic sensitizer possessing high molar extinction coefficient have gained considerable attention. Organic dye-sensitizers featuring donor-acceptor (D-A) molecular structures have been employed to broaden the light absorption properties.
9,10 Most of organic sensitizers are based on the triarylamine, carbazole, squaraine, boron dipyrromethene, porphyrin and phthalocyanine structures. [11] [12] [13] [14] [15] [16] [17] [18] However, most of power conversion efficiency of DSCs containing organic sensitizers are still lower than those of Ru dyes.
5,8
Alternative approach that could fulll the drawback of using single dye sensitizer is co-sensitized titania by two or more dyes to achieve optimal absorption. In the multiple dyes system, the low absorption of Ru dye at the long wavelength will be complemented with the intense absorption of organic dye, resulting in panchromatic absorption and leading to enhance in device efficiency. 2, 5, 10, 19 For example, Han et al. 20 developed a cisconguration squaraine dye (HSQ1) to co-sensitized with N3 dye. DSC based on HSQ1 + N3 showed improved J sc and V oc compared to those of DSC based on SQ1 + N3 due to broader IPCE spectrum and suppress aggregation of N3. Chen et al. 21 synthesized porphyrin dye, denoted as HD18, and co-sensitized with N719 for the enhancement of the spectral response. The combination of these two sensitizers showed full color spectrum, resulting increasing of overall PCE. Recently, Hu et al.
22
reported that co-sensitization of polyphenylene with N719 can enhanced PCE due to the increase of light absorption and the retardation of electron recombination and dye aggregation. These examples of co-sensitized DSCs suggested that suitable structure of organic sensitizer should be considered to avoid aggregation among dyes on the TiO 2 surface and retardation of electron recombination.
20-22
Despite the co-sensitization of Ru dyes with NIR organic dyes including porphyrins and squaraines have been reported, another interesting dye is boron dipyrromethene (BODIPY). BODIPY has gained recognition as a building block of NIR dye for using in organic solar cells (OSCs) and DSCs. 16, [23] [24] [25] [26] [27] [28] [29] The BODIPY with appropriate structural modication can provide tunable panchromatic absorption from 500-800 nm. [29] [30] [31] [32] [33] In addition, DSC containing Ru dye and BODIPY sensitizer have been rarely reported. It was apparent from our previous study that D-p-A-p-D structure of the BODIPY containing ethynyl triphenylamine have effective electronic communication between the donor triphenylamine (TPA) and acceptor BODIPY via the ethynyl linker. 34 As a result, the BODIPY triad exhibited broad absorption up to red edge region. Thus, the BODIPY triad is an attractive molecular platform to use as an organic cosensitizer to complement light absorption window of Ru sensitizer such as N719. In our molecular design as shown in Fig. 1 . We reengineered the TPA-BODIPY-TPA by functionalized an cyanoacrylic acid anchoring group at the meso-position of the BODIPY core because theoretical studies reported that the meso-position of BODIPY unit is more suitable for electron injection to the TiO 2 conduction band.
16,31
We are noticed that similar BODIPY triad structures, distyryl triphenylamine-BODIPY, where triphenylamine units are functionalized on 3-and 5-position of BODIPY, have been reported by Akkaya et al. 25 and Feng et al. 35 However, the performance of DSC containing co-adsorbents, BODIPY and N719, has not been demonstrated. Here, we reported synthesis and characterizations of BD sensitizer. In addition, two procedures to cosensitized N719 with BD on TiO 2 semiconductor is our interest. In the rst procedure, N719 and BD were mixed together prior to co-deposit on the TiO 2 . In the second procedure, stepwise co-sensitization, N719 was rst stained on the TiO 2 layer, followed by immersion of BD on the sensitized TiO 2 .
The DSCs efficiency were investigated and the inuence of cosensitization procedures on photovoltaic parameters and device performance were discussed. 4-Formylphenylboronic acid pinacol ester, Niodosuccinimide, copper iodide, tetrakis(triphenylphosphine) palladium(0) (Pd(PPh 3 ) 4 ), cyanoacetic acid were purchased from Aldrich. Anhydrous sodium sulfate, potassium carbonate, triethylamine, ammonium acetate, and glacial acetic acid were purchased from Fisher. HPLC grade dichloromethane, methanol, anhydrous N,N 0 -dimethylformamide, toluene and acetonitrile were purchased from Fisher. For DSC fabrication materials, FTO glass, titanium isopropoxide (TTIP), anhydrous acetonitrile and tert-butanol were purchased from Aldrich. TiO 2 (P25) was purchased from PlasmaChem, Germany. N719, HI-30 electrolyte and Pt paste were purchased from Solaronix. NMR solvents include deuterated chloroform (CDCl 3 ) and deuterated methanol (MeOD) were purchased from Cambridge Isotope
Experimental sections
Laboratories. Silica gel for column chromatography was purchased from Silicycle. All chemicals were used as received.
Synthesis detail
Synthesis of (1,1 0 -biphenyl)-4-carbaldehyde-meso-BODIPY, compound 2. 4-Iodobenzyl-meso-BODIPY (0.48 g, 1.0 mmol) and 4-formylphenylboronic acid pinacol ester (0.3 g, 1.2 mmol) were dissolved in toluene (20 mL). The solution was degassed with N 2 for 10 minutes. Pd(PPh 3 ) 4 (0.1 g, 0.1 mmol) were added, followed by addition of 2 M K 2 CO 3 (5 mL). The reaction mixture was reuxed under N 2 for 24 hours. The reaction mixture extracted with dichloromethane (DCM) and water. The organic layers were dried by sodium sulfate (Na 2 SO 4 ) and evaporated in vacuo. The crude mixture was puried by column chromatography on silica gel using DCM/hexane as an eluent to give the product 2 as orange solid (0.25 g, 42%) 1 H-NMR (500 MHz, 
Device fabrication and photovoltaic measurements
To fabricate the dye-sensitized solar cells device, the TiO 2 electrodes were prepared following the previous reported procedure. 36 In brief, the FTO glass sheet ($7 U cm À2 ) was cut into 2.5 Â 2.5 cm 2 . FTO glass plates were pretreated with 0.2 M HCl in an ultrasonic bath for 15 min, followed by washing with DI water under sonication for 10 min, twice. Aer that, the FTO substrates were sonicated with isopropanol (IPA) for 20 min and then dried by purging with N 2 gas. Then, TiO x sol-gel (10 mL) was coated on the FTO plates using the rapid convection deposition technique with a deposition rate of 600 mm s
À1
. The TiO x layer was then gradually heated under air atmosphere at 500 C for 1 h with a heating rate of 10 C min À1 . Aer that, the doctor blade technique was used to deposit a mesoporous layer of TiO 2 , a mixture of 0.10 g of TiO 2 (P25) in 0.429 mL of IPA and 10 mL of titanium isopropoxide (TTIP). Subsequently, TiO 2 paste was sintered at 500 C for 1 h (10 C min À1 ). Dye solutions of BD anhydrous acetonitrile for several times. Aer that, the sensitized photoanodes were dried at 80 C for 30 minutes to remove the remaining solvent. The sensitized TiO 2 was then coated with BD by dipping in 5% and 10% of BD solutions, respectively, at 80 C for another 1 h. Finally, the sensitized lms were rinsed with acetonitrile and then dried at 80 C for 30 min. Counter electrodes were prepared by coating platinum (Pt) paste on drilled and cleaned FTO glass plates using doctor blade technique and then calcined at 450 C for 1 h with a heating rate of 10 C min À1 . The Pt counter electrode and the dye-sensitize electrode were sandwiched together using Surlyn lm as the frame. The gap between electrodes was sealed by melting the Surlyn lm. Next, 10 mL of electrolyte solution consisting of iodide/triiodide, HI-30, was injected through the drilled holes on counter electrode. Finally, the holes were sealed with the Kapton tape to prevent the leakage of liquid electrolyte. The active cell area of DSCs was xed to be 0.40 cm 2 . The DSC performance was characterized using the current density-voltage (J-V) plots. The photo current was measured under AM 1.5G illumination 100 mW cm À2 . The light intensity was calibrated with reference monocrystalline silicon cell.
Dye loading measurement
The adsorption amount of single dye and mixed dyes have been measured following procedure report in literatures. 37, 38 Briey, N719 on TiO 2 layer was desorbed using 0.1 M of NaOH in EtOH/ H 2 O (1 : 1 v/v). Then, BD was extracted using CHCl 3 /MeOH (1 : 1 v/v). The UV-vis spectrum of each sample solution was compared with the known concentration of N719 and BD. The dye loading was determined using Beer's law.
Results and discussion

Synthesis
The BODIPY sensitizer was synthesized according to the synthesis protocol depicted in Scheme 1. The precursor iodo-BODIPY (1) was prepared following the procedure in our recent study.
34
BODIPY (1) was coupled with 4-formylphenylboronic acid pinacol ester to yield (1,1 0 -biphenyl)-4-carbaldehyde-meso-BODIPY (2) . Then iodination at the 2 and 6 positions of BODIPY core provided 2,6-diiodo-BODIPY (3) in a good yield of 63%. Next, compound 3 was coupled with 4-ethynyltriphenylamine using Sonogashira cross coupling reaction to provide corresponding TPA-^-BODIPY-^-TPA (4) in 36% yield. Finally, the desired BODIPY sensitizers, BD, was obtained by Knoevenagel condensation between the aldehyde moiety of 4 with cyanoacetic acid. All compounds were puried by column chromatography. The molecular structures were conrmed using NMR spectroscopy and mass spectrometry. The 1 H-NMR spectrum of 4 showed corresponding aldehyde proton at 10.09 ppm, aromatic protons of triphenylamine rings at 7.30-6.97 ppm. The spectrum of BD showed vinylic proton at 8.24 ppm, indicating that aldehyde was successfully converted to cyanoacrylate acid. This also conrm with mass spectrometry (see ESI †).
Optical properties of BD
Absorption spectra of BD in solution and in solid are shown in Fig. 2 . The optical parameters including absorption maxima, molar extinction coefficient and absorption onset were summarized in Table 1 . The blue solution of BD dye exhibited broad absorption in the range of 300-700 nm. The two intense absorption bands at 345 and 598 nm are attributed to p-p* transition of the triphenylamine unit and the internal charge transfer (ICT) transition from the triphenylamine donor to the BODIPY unit. The molar extinction coefficient (3) of the lower energy band was calculated to be 5. 
Electrochemical characterization of BD
To evaluate the feasibilities of electron injection and dye regeneration process, the electrochemical properties of BD including redox properties, HOMO and LUMO of BD were investigated by cyclic voltammetry. The voltammogram of BD is shown in Fig. 3 and the electrochemical data are summarized in Table 2 . As seen in Fig. 3 , BD exhibited the low oxidation potential of 0.53 eV due to the electron rich nature of triphenylamine moiety. This corresponds to the HOMO energy of À5.33 eV which is lower than the redox potential of triiodide redox couple (À4.90 eV), and thus facilitated electron transfer from I À to the BD in dye regeneration process. A reduction potential of BD was approximately À1.10 eV and was calculated to be À3.70 eV of LUMO energy level. The LUMO level of BD (À3.70 eV) is higher than that of the conduction band edge of TiO 2 (À4.20 eV) and the difference is 0.5 eV. Therefore, excited electron from BD can be thermodynamically injected to the conduction band of TiO 2 .
FTIR characterization
FTIR measurements have been conducted to investigate interaction of individual dyes (BD and N719) and co-sensitized dye on TiO 2 lm. From Fig. 4a , BD and N719 exhibited strong peak around 1700 cm À1 that correlate to C]O stretching of the carbonyl group. The peaks at 1593 cm À1 and 1317 cm À1 represent asymmetric and symmetric vibration of carboxylate (-COO À ), respectively. The carboxylic peak of BD was higher than those of carboxylate peaks, suggesting that large amount of BD was not bound to the TiO 2 surface. FTIR-spectra of different co-dyeing process were depicted in Fig. 4b , coding as N719 + 5% BD and N719 + 10% BD, were prepared via co-deposition method. While sample coding as N719/5% BD and N719/10% BD were prepared via stepwise procedure. FTIR-spectra of different co-dyeing process were depicted in Fig. 4b . The two strong bands at 1605 cm À1 and 1375 cm À1 were assigned to nCOO asym À and nCOO sym À , respectively. 40 The difference (Dn) of nCOO asym À and nCOO sym À was 230 cm À1 , suggesting the bidentate chelating binding of N719 to the TiO 2 surface. 41, 42 The intensity of those two peaks were about the same, suggesting that the total dye molecules adsorbed on the TiO 2 surface were similar. The peak at 2103 cm À1 was assigned to the N]C vibration mode from the NCS group of N719. Interestingly, we observed that NCS peak of Fig. 2 Normalized UV-vis of BD in dichloromethane (pink) and adsorbed on TiO 2 film (blue) and the BODIPY core (3) (red). 
a The oxidation and reduction potentials were approximated from the oxidation and reduction peaks. b The HOMO and LUMO energy levels were calculated using the following relationship; HOMO ¼ À(E ox,onset + 4.8) eV and LUMO ¼ À(E red,onset + 4.8) eV.
39 c E g,elec ¼ E LUMO À E HOMO .
co-sensitized N719 and BD was slightly shied to 2117-2121 cm À1 and the peak intensity was decreased, as compared to N719 (Fig. 4c ). This could be due to the different binding mechanism of N719 in which NCS interact to the TiO 2 surface. This was also suggested from previous studies by Singh et al.
42
and Johansson et al.
43
Dye loading Since N719 and BD have different molecular structure and number of anchoring group, we studied the dye loading capability and change of composition in different co-sensitization process. The adsorption amount of dyes has shown in Fig. 5 . The BD cell exhibited dye loading amount of 1556.2 nmol cm À2 , while the N719 cell showed considerable lower dye up-taking amount of 61 nmol cm À2 . The signicant high amount of BD was due to aggregation of dye on TiO 2 layer as we observed free carboxylic peak in FTIR result. For co-dyeing, N719 + 5% BD and N719 + 10% BD, as the BD concentration increased, the amount of BD was increased from 65 nmol cm À2 to 140 nmol cm À2 .
However, the amount of N719 was xed to 43.2 nmol cm À2 . This indicated the competitive adsorption between BD and N719 on the limited sites of TiO 2 surface. For the stepwise deposition, in which the photoanode was immersed in N719 solution, then dipped in BD solution, we found that the BD contents were signicantly decreased to 1.8 and 8.8 nmol cm À2 , respectively.
The total dye loading of the stepwise staining system was about 61 nmol cm À2 , that was similar to the individual N719.
In addition, SEM-EDS has been conducted to investigate the assemble morphology and chemical composition of cosensitized DSCs. SEM cross-sectional image of co-sensitized TiO 2 on FTO glass and energy dispersive X-ray spectroscopy analysis (EDS) were illustrated in Fig. 6 . The SEM cross sectional image of co-sensitized TiO 2 on FTO glass has shown in Fig. 6a . EDS measurement has been conducted to investigate N719 and BD distribution on the TiO 2 layer. The ruthenium (Ru) and uorine (F) signals have been selected to qualitatively analyzed N719 and BD distribution in the TiO 2 matrix. As seen from Fig.  6b -g, the mapping images conrmed successful sensitization of N719 and BD. The device prepared from the co-dyeing process exhibited much higher signal intensity of F signal (cyan color) than the stepwise dyeing method. This implied high BD dispersion on TiO 2 layer which was consistent to the dye loading result.
Photovoltaic performance
DSCs containing BD, N719 and co-sensitization of N719 and BD were fabricated. The current density versus voltage (J-V) characteristic curves were presented in Fig. 7 . The photovoltaic parameters of DSCs including photocurrent density (J sc ), open circuit voltage (V oc ), ll factor (FF) and power conversion efficiency (PCE) were summarized in Table 3 . Photovoltaic performance based on DSC containing BD showed a J sc of 1.26 mA cm À2 , a V oc of 550 mV and an FF of 0.64, resulting in power conversion efficiency (PCE) of 0.45%. The poor performance is caused by low J sc and V oc values. This caused by aggregation of BD on the TiO 2 surface that increased charge recombination and reduced electron injection to the TiO 2 electrode. [44] [45] [46] The DSC containing standard N719 sensitizer exhibited the J sc of 7.09 mA cm
À2
, a V oc of 640 mV and an FF of 0.67, yielding PCE of 3.09%. We noticed that this is considered low PCE as compared to some report in the literatures. This could be attributed to variation of layer thickness, active area and types of electrolyte and electrode materials.
Next, we prepared co-sensitized N719 and BD DSCs using co-deposition method. The PCE of N719 + 5% BD and N719 + 10% BD were 3.85% and 2.01%, respectively (Table 3 ). The efficiency of N719 + 5% BD was raised by 24.6% in comparison with that of N719 (PCE ¼ 3.09%). The enhanced efficiency was due to the increase of J sc and V oc . However, we found that when increase concentration of BD to 10% (N719 + 10% BD), the J sc was declined to 5.02 mA cm À2 , resulting in PCE of 2.01%. The decreased efficiency could be correlate to higher amount of BD that accumulate on the TiO 2 layer. This aggregation could trap free electrons travelling to the conduction band of TiO 2 . Interestingly, for stepwise sensitization DSCs, all devices have higher PCE compared to those of co-deposition DSCs as depicted in Fig. 5 . PCEs of 5.14% and 3.24% were obtained from N719/5% BD and N719/10% BD, respectively. In addition, the trend of PCE was similar to the co-deposition DSCs in which N719/5% BD > N719/10% BD. The PCE of N719/5% BD exhibited a J sc of 12.98 mA cm À2 , a V oc of 660 mV and an FF of 0.6, corresponding to overall the best efficiency of 5.14%. This showed an improvement of 66% compared to the device sensitized with N719 and enhancement of 33% compared to the N719 + 5% BD using codeposition method. The increased PCE is corresponding to much higher (J sc ) from 7.09 mA cm À2 of N719 cell to 12.98 mA cm À2 .
To gain further insight into the attribution of BD and the cosensitization methods on light harvesting and photocurrent generation, UV-vis absorption spectroscopy of sensitized TiO 2 lm and IPCE measurements have been conducted. It can be seen from Fig. 8a that co-adsorption of BD and N719 lms have red-shied absorption and could compensate the absorption of N719, at the range of 500-700 nm. Next, we performed IPCE experiment using 300 W Xe lamp with low-speed chopper to provide chromatic lights from 300-800 nm and measuring J sc . From Fig. 8b , IPCE spectrum of BD was covered in the range of 300-550 nm with the lowest IPCE value of 10%. For the mixed dye system, the IPCE spectra were covered in broader range from 300-700 nm. The co-deposition devices exhibited the maximum value of IPCE as high as 37.8% and 26.91% for N719 + 5% BD and N719 + 10% BD, respectively. On the other hand, the stepwise sensitized devices, N719/5% BD and N719/10% BD, exhibited higher IPCE of 40.5% and 34.4% at 500 nm. The trend and increasing of IPCE values are in good agreement with J sc results. It is worth noting that although stepwise dyeing cells contain less BD amount, it can be able to enhance the IPCE value. Although we do not fully understand the reason for greater J sc values of stepwise co-sensitization, we assume that this may be due to cascade electron transfer from BD to N719 to titania since BD has higher LUMO energy level (À3.7 eV) than that of N719 (À3.9 eV). Fig. 8 (a) UV-vis absorption spectra of dye adsorbed on TiO 2 films and (b) IPCE spectra BD, N719 and co-sensitized N719 + BD solar cells.
Conclusions
In summary, BD was synthesized and used as co-adsorbent with N719 for DSC application. The inuence of co-sensitization procedures, co-deposition and stepwise deposition, on DSC performance have been investigated. We found that small amount of BD sensitizer in co-deposition and stepwise deposition bear a positive inuence on device efficiency. The stepwise deposition signicantly increase J sc values, resulting in higher PCEs. This is due to the improvement of IPCE and spectral response region at 500-700 nm. The best cell was achieved from N719/5% BD with PCE of 5.14%.
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